Abstract-The Finite Difference Time Domain (FDTD) method is well suited for the computation of the photonic crystals problems. However, this technique has the drawback of high computer memory requirements, when involving complex structures. In this paper, a modified array implementation for the FDTD algorithm, with increased memory efficiency, is presented and applied to studies on the abnormal refraction phenomena of the electromagnetic propagating in the photonic crystals. The novel approach is based on memory-mapped files, which is a mechanism of manipulating memory in Windows or Linux operating system. By using this mechanism, we make use of memory space more availably in allocating and implementing multidimensional arrays for FDTD algorithm. The computed examples are given in the paper to prove the feasibility and accuracy of this strategy. A detailed discussion is presented for the case of the electromagnetic propagating in two-dimensional photonic crystals, formed by parallel air cylinders in a dielectric medium. The results show that some interesting relations can be obtained between the incident and the refraction angles with the group velocity (V g ) and the energy velocity (V e ).
INTRODUCTION
The use of the finite difference time domain (FDTD) method is very attractive for the electromagnetic analysis of photonic crystals [1, 2] , due mainly to its algorithmic simplicity and flexibility. However, the computational requirements are high, and computer memory can become a limitation for complex or inhomogeneous structures. At the same time, the research also no longer is limited to get only steady transmission spectrum, but pay attention to morely the dynamic process of the interaction between EM wave and the media in photonic crystals, and more information needs to be provided by the FDTD method. This will increase consumedly the memory demand of FDTD simulations. Therefore, for the FDTD implementation in PC, the following problem need to be resolve urgently: how to make use of memory more efficiently.
The foundation of FDTD algorithm is that Maxwell's curl equations are discretized using the central difference approximations in time and space [3] . The express of the space discretization in memory is actually multidimensional arrays, and time discretization behaves as the array iterative operaton step by step in the FDTD method. So the high efficient array realization is starting point of FDTD implementation in PC. In this paper, a modified array realization for the FDTD algorithm, based on memory-mapped files, is presented and applied to studies on the abnormal refraction phenomena of the electromagnetic propagating in the photonic crystals. The computed examples are given to prove the feasibility and accuracy of this strategy.
DATA ARRAY REALIZATION OF FDTD ALGORITHM
In the numerical simulation of EM field, there are usually two means for array realization: (1) static array, you can just allocate and access them with operator [ ]. (2) dynamic array, by using the library function. The latter is mostly for use in the EM simulation of electrically-large-size complex structure, and this cause a distinct improvement in memory utilization ratio. However, These array realizations have a few problems, for example, if there exist many times writing harddisk operation for saving the temporary result in FDTD computation, the algorithm performance descends seriously.
A typical FDTD formula is as follows:
where CA(i, j, k) and CB (i, j, k) are the characteristic parameters of the media. With making a data-flow analysis of the FDTD formula, we find, there is a obvious characteristics for the arrays behavior of FDTD computation: no complex memory operation, such as the combination, release and newly allocating of the data arrays. Therefore, to raise performance, the array realization of FDTD algorithm can simplify a series of additive characteristics which relate to the complex memory operation, and is equivalent to allocating a contiguous block of memory.
Furthermore, in the FDTD simulation for the photonic crystals, there exist often many times writing hard-disk operation for saving the temporary result. Hence, for the array realization of the photonic crystals simulation, blocks of memory allocation and the performance of writing hard-disk are two key factors which influence the FDTD implementation. The array realization had better establish a direct link between memory allocating and hard-disk storing.
For general Windows and Unix/Linux system, the layered memory management can be shown in Figure 1 We find, in the Windows/Linux system memory management, the realization of the static or dynamic array lies on the uppermost layer of the hiberarchy. The additive heap memory pools service of the intermediate layer, such as merging memory fragment, reserving memory space,etc, is in fact unnecessary for FDTD algorithm. Moreover, the memory arrays operating and the results writing hard-disk are two independent processes, and the system need provide a extra buffer for the disk access. These will cause the descent of the computational efficiency. From the Figure 1 can see, there is a particular memory allocating mechanism: memory-mapped file, which can happily combine the array realization and writing disk operation from the system level. Because the physical storage of memory-mapping comes from a file that is already on the disk, this shelters you from performing file I/O operations on the file and from buffering the file's contents. At one time, memory-mapped technique also avoid servicing the heap memory pools, these both improve distinctly the memory efficiency of the FDTD implementation.
By using memory-mapped technique, we get a block of contiguous memory. Memory itself is fundamentally a one-dimensional quantity since memory is ultimately accessed with a single memory address, and the express of the space discretization in FDTD is multidimensional arrays. The distinction between the different dimensions is primarily a question of how we want to think about, and access array elements. For higher-dimensional arrays, we want to specify two, or more, indices to dictate the element of interest. However, regardless of the number of indices, ultimately a single address dictates which memory is being accessed. The translation of multiple indices to a single address can be left to the compiler by using macro definition or that translation is something we can do ourselves.
FDTD SIMULATION OF PHOTONIC CRYSTALS
As an application of memory-mapped technique in the array realization, we carry on the FDTD studies on the abnormal refraction phenomena of the electromagnetic propagating in the photonic crystals.
We will consider the two-dimensional photonic crystal slab of a square lattice of identical air cylinders in a dielectric medium with a dielectric constant ε = 12. The lattice constant is denoted by a and the hole radius r = 0.35a. TE modes, that is, the magnetic field is kept parallel to the axis of the air cylinders. We scale all length by the lattice constant, and the frequency by 2πc/a to make the system dimensionless.
The FDTD implementation in form is similar to the general case, the key difference is that EM field arrays are realized by using memory-mapped technique. In Windows system, the main steps are as follows: [5] 1) Create a file on disk using CreateFile( ) function, and open the file flag for read-write access.
The length of the file is equal to EM field array. 2) Create a file-mapping object using CreateFileMapping( ) function.
3) Map all of the file-mapping object into the process's address space using MapViewOfFile( ) function, with a pointer which the function return, we can access a data array in memory.
For the multidimensional arrays in FDTD simulation, for example, electric field component Ez(i, j), we can access data in normal manner by using macro definition: define Ez(i, j) ez[(i) * columns + (j)], where ez is the pointer which represents electric field component Ez, and columns is the column number of the two-dimensional array.
RESULTS AND ANALYSIS
Electromagnetic propagation in photonic crystals structure is very complicated. The real propagation direction of EM wave is the energy velocity (V e) direciton. In general case, V e is equal to V g. Group velocity (V g) is obtained by the gradient of EFS (Equal Frequency Surface) [7] . The energy velocity (V e) can be obtained by calculating the Poynting vector.
By FDTD, we compute the electromagnetic propagation and the Poynting vectors in the structure. Here we choose two flat slab sizes. They are 60a × 9.89a and 60a × 40a in terms of lattice constant, and the frequency is 0.195. The Poynting vector is obtained by the cross product of the electric and magnetic field calculated by the FDTD method, and the direction of energy velocity is determined by the following formula [8] . Figure 2 shows the structure of the PC slab and the intensity distribution of EM wave across the PC slab. A Gaussian beam is incident to the slab with the incident angle of 60 degree with respect to the ΓM direction. The slab measures as 60 × 40 in terms of lattice constant. The yellow arrow which is the total Poynting vectors in PCs indicates the energy velocity (V e) directions, and the red arrow indicates the group-velocity (V g) direction obtained by the gradient of EFS. We found that the relations between the incident angles and the refraction angles are different for the group velocity (V g) and the energy velocity (V e). To analysis the directions of the energy velocity (V e) of the EM wave, we calculated the summation of the poynting vectors inside the slab to get the relation between the incident angles and the refraction angles. The results are shown in Figure 3 . Figure 3 shows the refraction angles of V g and V e for different incident angles. The results indicate that the thickness of the PC slab hardly effects the propagation direction of V e. As the incident angle is smaller than 45 degree, the refraction angle of V e is close to 0 degree, indicating that the energy of the electromagnetic wave propagates along the ΓM direction. This phenomenon has been discussed in Ref. 9 , and it originates from the partial bandgap of the PC structure. As the incident angle is larger than 45 degree, a significant difference appears between the refraction angle for V e and V g and both V e and V g show obviously the abnormal refraction phenomena. However, the refraction angle of V e is still much smaller than that of V g. For example, as shown in Figure 2 , as the incident angle is 60 degree, the refraction angles for V g and V e in the PC slab respect to the ΓM direction are −35 and −11 degrees, respectively.
In a unit cell of the photonic crystal structure, the fact that the group velocity direction is identical to the energy velocity direction is true. However, as the EM wave launched from a media such as air into photonic crystals, the near-field wave scattering effect on the interface may perturb the propagation direction of the wave. This induces that the energy velocity (V e) direction does not follow the group velocity (V g) direction predicted by EFS. Therefore, the wave propagation direction is actually the the Poynting vector direction averaged in the whole PC slab.
CONCLUSIONS
In this paper, we have introduced a novel array implementation approach based on memory-mapped technique for the FDTD implementation, with increased memory efficiency in allocating and realizing multidimensional arrays. By using this method, we study on the abnormal refraction phenomena in the photonic crystals. The simulation results show that there is difference between the EM wave propagation direction and the group velocity (V g) direction obtained by the gradient of the EFS, and the real propagation direction of EM wave is the energy velocity (V e) direciton.
